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Understanding the elastic properties of unconsolidated granular media is crucial for in-
terpreting seismic and sonic log data in soils and unconsolidated petroleum reservoirs. Rock
and soil deformation are often estimated indirectly using rock physics models that relate
changes in elastic properties to pore compliances. The complex microstructure of geological
materials in represented by simple geometries in most rock physics models. One such model,
the Hertz-Mindlin model, uses a pack of identical spheres to calculate elastic properties of
unconsolidated sediments. The input parameters required for this model, porosity, grain
radius, coordination number (number of contact points per grain) and grain to grain contact
radius, are often unknown parameters and adjusted to fit the data. Direct observations of
deformation can show the limitations in applicability of rock physics models. This requires
3D images obtained under in-situ pressure and temperature conditions.
I imaged changes in dry, unconsolidated quartz sand with micro X-ray computed to-
mography (µCT) together with ultrasonic P-wave velocities at pressure from atmospheric
pressure (0.08 MPa) to 27.6 MPa. In addition to an overall compaction of the sediment
leading to a 30% reduction in porosity; the µCT images show a 60% reduction in grain size
due to grain crushing, a 26% increase in coordination number, and 50% to 100% increase in
contact radius.
I used the image-derived porosity, grain radius, coordination number and contact radius
as input data for the Hertz-Mindlin contact-radius model to compute P-wave velocities as
functions of pressure. The µCT images show that numerous assumptions of the Hertz-
Mindlin model are violated in sands and consequently, the model drastically overpredicts
velocities. Although the velocity mismatch can be eliminated for undamaged sediments by
assigning a reduced shear modulus to the contact zones, this adjusted model still overpredicts
iii
velocities of the sediment once grain crushing occurs. Thus, the Hertzian contact model
should be applied with caution to angular, unconsolidated sediments.
Understanding gas hydrate morphology and the relationship between hydrate saturation
and elastic properties is crucial to characterize natural occurring hydrate resources and assess
their potential for production. Gas hydrates in unconsolidated sediment are often represented
by effective medium models of the sediment frame and hydrate inclusions in the pore space
with different morphologies which allow us to estimate gas hydrate saturation from sonic log
or velocities. Most effective medium models assume microstructural parameters to predict
acoustic velocities. Without the constraints of direct observation, for example, pressure- and
temperature-dependent variations of the sediment frame or packing rearrangements during
hydrate formation, such predictions lead to discrepancies in hydrate saturation calculated
from velocities.
My results verify hydrate pore-scale distributions by direct, visual observations which
were previously implied by indirect, elastic property measurements. I used laboratory mea-
surements on THF-hydrate bearing glass beads as proxy for naturally occurring gas hy-
drate in unconsolidated, coarse-grained sediment. Both, µCT images and ultrasonic velocity
measurements, indicate that THF hydrate forms in the pore space with a part of the hy-
drate bridging the grains and becoming load-bearing at higher hydrate saturations. These
hydrate-bearing sediments appear to follow a pore-filling model with a portion of the hydrate
becoming a load-bearing part of the sediment frame.
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1.1 Introduction and Objective
In rock physics models, the complex microstructure of geological materials is simplified
to a geometry that can be expressed in mathematical terms. A widely used model for the
elastic properties of unconsolidated sediments is the Hertz-Mindlin model which describes
the properties of a pack of identical spheres (Mindlin, 1949). Assumptions and limitations
of rock physics models need to be well understood when applying them. For that purpose,
direct visual observations of the microstructure are essential. Since the elastic properties
of porous media strongly depend on in-situ temperature and pressure conditions, imaging
at ambient pressure and temperature, as commonly done with thin section microscopy and
scanning electron microscopy (SEM), is not sufficient. I developed an experimental setup
for use in the µCT that provides a three dimensional insight into rocks and sediments at the
pore scale under in-situ pressure and temperature conditions. In addition to direct visual
observations, I obtained ultrasonic velocities to link variations in elastic properties to changes
in their microstructure.
Effective medium models for gas-hydrate bearing sediments combine elastic properties of
unconsolidated sediments with different hydrate morphologies in the pore space (Ecker et al.,
1998). A typical workflow for effective medium theory applied to hydrate-bearing sediments
can be summarized as follows:
1. Characterizing mineral composition of the host sediment; obtaining mineral bulk and
shear moduli for each phase.
2. In case of mixed mineralogy, bulk and shear moduli are calculated using the Hill average
(Hill, 1952)
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3. Characterizing fluid content; obtaining elastic properties of fluid under in-situ pressure
and temperature conditions (Batzle and Wang, 1992).
4. Elastic properties of the dry frame are obtained by using the Hertz-Mindlin model
(Mindlin, 1949). Hereby grain radius and contact radius is calculated by assuming
normal displacement of the spherical grains (equations in Appendix A). Under that
assumption grain radius and contact radius are not used to calculate bulk and shear
modulus of the dry sediment. Coordination number is usually assumed to be 8.5 - 9
and stays constant with pressure (e.g. Ecker et al. (1998, 2000); Guerin et al. (1999);
Helgerud et al. (1999); Jakobsen et al. (2000)).
5. Gassmann fluid substitution (Gassmann, 1951) is used to calculate bulk and shear
modulus for brine saturated sediment
6. Different hydrate morphologies are included by adding hydrate as part of the pore
fluid, part of the sediment frame or as cement (Dvorkin and Nur, 1996; Ecker et al.,
1998; Helgerud et al., 1999) (equations in Appendix A)
Most effective medium models for hydrate-bearing sediments assume an unchanged sed-
iment frame with varying pressure and temperature conditions; i.e. coordination number,
grain size and contact radius are constants. Hence, all variations in velocities are attributed
to changes in hydrate saturation. If the assumption of constant elastic properties of the
frame is violated and a part of the observed changes in velocities are actually a response
to changes in the sediment frame, inaccurate estimates of hydrate saturation are the result.
Since hydrates are often formed in shallow, unconsolidated sediment, changes in packing
induced by hydrate formation should be expected.
Beyond the disregarded changes with pressure and temperature, the estimates of the
initial properties of sediment without hydrate are usually fitted to measured velocities. Es-
pecially in cases where measurements on sediment without gas hydrate are not available or
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have a large uncertainty range, hydrate saturation can be misinterpreted. Image data of the
sediment could significantly reduce the uncertainty of elastic properties of the dry frame.
To demonstrate the potential influence of the sediment’s microstructure, I analyzed one
stack of µCT images of a fluid saturated glass bead sample for coordination number and
contact radius and used them as input for the effective medium models. The images were
obtained after hyrate dissociation the sample with 80% hydrate saturation introduced in
Chapter 2. The complete procedure for image analysis is described in Chapter 3. Figure 1.1
shows the changes in the model curves for the different hydrate morphologies together with
measured ultrasonic velocities at different hydrate saturations. In Figure 1.1 (a) a default
coordination number of 9 is used and the contact radius of 17.3 µm is assigned in order
to fit the measured P-wave velocity of the sediment without hydrate. All other modeling
parameters are presented in Chapter 2. In Figure 1.1 (b) I used a coordination number of
6.3 and a contact radius of 42 µm obtained from µCT images. We observed:
1. When using the actual microstructural parameters observed for the sediment, the ve-
locity of the sediment without hydrate is overpredicted.
2. Instead of being located between the model curves for load-bearing hydrate and pore
filling hydrate, our measurements do now line up with the curve for pore-filling hydrate.
3. For lower coordination numbers, the separation between the four curves for different
hydrate morphologies decreases significantly.
It should be noted that the µCT observations were obtained on a brine saturated glass
bead sample without elevated confining pressure, i.e. coordination number and contact
radius would most likely be higher at 3.45 MPa, the effective pressure at which the ultrasonic
velocities on hydrate-bearing samples were obtained.
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(a) model input parameters: n=9, a=17.3 µm
(b) model input parameters: n=6.3, a=42 µm
Figure 1.1: Effective medium models for hydrate-bearing glass beads together with measured
ultrasonic P-wave velocities for different hydrate saturations. The two graphs show the model
curves for four different hydrate morphologies a) with the default coordination number (n)
of 9 and contact radius (a) chosen to fit the velocity at Sh = 0 and b) with coordination
number and contact radius from µCT observations.
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The question arising from these observations is: when the Hertz-Mindlin model fails to
accurately predict the velocity of a pack of glass beads when visual observations are used as
input parameters then how would it perform when applied to natural sediment?
In order to justify the use of bulk and shear moduli obtained through the Hertz-Mindlin
model in effective medium models for hydrate-bearing sediments, I saw the need to test
the model on sediment without hydrate in the pore space. My experimental setup with
its combination of three dimensional imaging and velocity measurements provided a perfect
opportunity for that. The results of experiments performed on dry sediment are presented
in Chapters 3 and 4.
1.2 Thesis Organization
This dissertation is organized around three journal articles (Chapters 2 through 4)
which are published or ready for submission to peer-reviewed journals. The main results of
my research are presented in these three chapters. Along these three articles I provide an
introduction, conclusion and appendix.
• Chapter 1 states the objective of the thesis and documents the link between the
different parts of my research described in Chapters 2 through 4.
• Chapter 2 describes ultrasonic velocity measurements and µCT imaging on THF
(Tetrahydrofuran) hydrate bearing glass bead samples. The goal of this study is to
compare hydrate morphology models with pore scale hydrate distributions obtained in
laboratory formed hydrates. We concluded that hydrates form in the pore space as
part of the fluid and partially touching grains and bridging the pores. The hydrates
follow a pore-filling more with part of the hydrate becoming a load-bearing part of
the sediment frame. This chapter was published in Geophysical Prospecting, 2017 as
part of a special issue on rock physics. The two co-authors are Mike Batzle, my PhD
advisor until his passing in 2015, and Manika Prasad, my PhD advisor. As first author
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I conducted the experimental work, performed data analysis and was responsible for
the majority of the writing.
• In Chapter 3, I discuss confining-pressure induced changes in dry, unconsolidated
quartz sand. We imaged the sediment sample with µCT while simultaneously record-
ing ultrasonic P-wave velocities. We observed significant grain damage and porosity
reduction between atmospheric pressure and 27.6 MPa confining pressure. I analyzed
the µCT images for quantitative changes in coordination number and contact radius
which were then used as input parameters for the Hertz-Mindlin model. Our obser-
vations show that numerous assumptions of the widely used Hertz-Mindlin model are
violated in this type of sediment and the model drastically overpredicts velocities. We
conclude that the Hertzian contact model should be applied to angular, unconsolidated
sediments with caution. This article has been prepared for submission to Geophysical
Research Letters. My co-author is Manika Prasad, my PhD advisor. As first author
I conducted the experimental work, performed data analysis and was responsible for
the majority of the writing.
• Chapter 4 is an extended version of the work presented in Chapter 3 with additional
data analysis. After computationally segmenting the µCT images into individual grains
I am able to analyze confining-pressure dependent changes in grain size and differentiate
two scenarios: 1. consider each grain fragment as a new individual grain, 2. consider
all fragments of initial grains still part of one grain. These two scenarios allow me to
separate the effect of grain size reduction from changes in coordination number and
contact radius. With these new image analysis results as model input parameters,
the Hertz-Mindlin model still overpredicts the velocities drastically. I showed that
considering the contacts as porous solids instead of pure quartz, I am able to eliminate
the discrepancies between model and measured data for the undamaged scenario. The
velocities in the fragmented sample are still drastically overpredicted. We conclude that
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the Hertz-Mindlin model is not applicable when grain crushing occurs with pressure. I
plan to submit this article to AAPG (American Association of Petroleum Geologists)
Bulletin. My co-author is Manika Prasad, my PhD advisor. As first author I conducted
the experimental work, performed data analysis and was responsible for writing the
article.
• Chapter 5 summarizes the conclusions of the three journal articles and provides rec-
ommendations for progression of my research.
• Appendix A provides a detailed mathematical description of effective medium models
applied to hydrates.
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• Schindler, M. and Prasad, M. (2018). Pressure-Dependent Velocity Measurements
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Scientific, Golden, Colorado, USA
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CHAPTER 2
MICRO X-RAY COMPUTED TOMOGRAPHY IMAGING AND ULTRASONIC
VELOCITY MEASUREMENTS IN THF-HYDRATE BEARING SEDIMENTS
Reproduced with Permission from Geophysical Prospecting
European Association of Geoscientists & Engineers, 2017
Mandy Schindler∗,†, Mike Batzle‡ and Manika Prasad§
2.1 Abstract
Naturally occurring gas hydrates contain significant amounts of natural gas which might
be produced as an energy resource in the foreseeable future. Thus, it is necessary to un-
derstand the pore-space characteristics of hydrate reservoirs, especially the pore-scale dis-
tribution of hydrate and its interaction with the sediment. Four end-member models for
hydrate distribution in the pore space are pore filling, sediment-frame component, envelope
cementing and contact cementing. The goal of this study is to compare the models with
pore scale hydrate distributions obtained in laboratory formed hydrates. Our results verify
hydrate pore-scale distributions by direct, visual observations which were previously implied
by indirect, elastic property measurements.
Laboratory measurements were conducted, using Tetrahydrofuran (THF) as a guest
molecule, since THF hydrate is a proxy for naturally occurring hydrate. We performed
micro X-ray computed tomography to obtain information about the distribution of hydrate
∗corresponding and editing author
†Department of Geophysics, Colorado School of Mines, 1500 Illinois Street, Golden, CO, 80401
‡deceased
§Department of Petroleum Engineering, Colorado School of Mines, 1500 Illinois Street, Golden, CO, 80401
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in the pore space of synthetic sediment (glass beads). We also made ultrasonic velocity mea-
surements on the same samples. Micro CT images and ultrasonic velocity measurements,
both indicate that THF hydrate forms in the pore space with a part of the hydrate touching
the grain surfaces and bridging the grains. These hydrate-bearing sediments appear to fol-
low a pore-filling model with a portion of the hydrate becoming a load-bearing part of the
sediment frame.
2.2 Introduction
Gas hydrates are clathrate structures of natural gases. They require low temperatures
and high pressures for stability. The widespread occurrence of gas hydrates in permafrost
and shallow marine sediments along continental slopes is well established (Collett et al.,
2009). The estimated amount of natural gas, mainly methane, stored in hydrate reservoirs
exceeds the amount of natural gas stored in conventional resources by at least one order of
magnitude (Collett et al., 2009; Dobrynin et al., 1981; Meyer, 1981). Anderson et al. (2008)
and Dallimore et al. (2008) demonstrated that gas-hydrate production can be developed with
existing oil and gas production technology, but before successfully producing methane gas
from hydrate reservoirs, we need to attain knowledge about physical properties of gas-hydrate
bearing sediments.
The most common geophysical methods used to characterize and quantify gas hydrates in
nature are seismic surveying and well logging. In order to calibrate and interpret these field
measurements, laboratory studies are necessary to determine the bulk physical properties
of hydrate-bearing sediment. Hydrate saturations are commonly derived from electrical
resistivity logs, however, to avoid the use of empirical relationships between resistivity logs
and seismic data, we want to base our estimation of hydrate saturation on velocities and use
models which work for acoustic logs and seismic surveys. Currently, it is possible to predict
the existence of gas hydrates from geophysical measurements. However, the techniques used
to estimate hydrate saturation based on either seismic data or acoustic logs require further
development (Collett and Lee, 2012). The amount of gas hydrate stored in a reservoir remains
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uncertain because the relationship between saturation and seismic or sonic velocities depends
largely on the pore-scale distribution of gas hydrate. Gas hydrates occur as massive units
and lenses in fractures of fine-grained material (shale) as well as distributed in the pore
space of coarse-grained porous media (Figure 2.1). The models described by Ecker et al.
(1998) and Helgerud et al. (1999) show that a very small amount of cementing gas hydrate
presents itself with similar velocities as a high saturation of pore-filling gas hydrate. Thus,
information about the distribution of gas hydrates in the rock is necessary to determine
hydrate saturation. It is imperative to ascertain hydrate-sediment interactions in addition
to physical properties of pure hydrate (Yun et al., 2005).
In this study, we focus on the pore-scale distribution of gas hydrates in synthetic coarse-
grained porous media with high permeability. Coarse grained sand reservoirs, as they exist
in permafrost regions and marine environments, have a high permeability and high hydrate
saturations allowing for effective production and relatively easy access and are thus more
likely to permit methane production from gas hydrates than hydrate reservoirs in shale
(Boswell and Collett, 2006).
Hydrate distribution in the pore space depends mainly on the formation method. In
nature, gas hydrates are formed in two ways: (1) from methane dissolved in water or (2)
from free methane gas (Collett et al., 2009). Hydrate formed from methane gas tends to form
at the grain surface and grain contacts (Priest et al., 2005; Waite et al., 2004) while hydrate
formed from methane dissolved in water tends to form in the pore body with little or no
contact to the sediment grains (Ecker et al., 1998; Kunerth et al., 2001). These conclusions
are based on the velocities matching the models shown in Figure 2.8, however, to date there
is little direct verification for the pore-scale distribution. Very limited research has been done
on imaging the hydrate distribution in the pore space (e.g. Sothcott et al. (2007), Kerkar
et al. (2009), Kerkar et al. (2014), Chaouachi et al. (2015)). Our study provides imaging
of the pore-space distribution of hydrate as well as ultrasonic P and S-wave velocities thus
providing a link between the effective medium models and direct visual observations of
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hydrate in the pore space.
Gas hydrate in coarse grained, marine sediments is more likely to form from methane dis-
solved in water, whereas gas hydrate in permafrost regions is associated with formation from
free methane gas (Collett et al., 2009). Our goal is to determine the pore-scale distribution of
hydrate formed from gas dissolved in water and the corresponding ultrasonic velocities. As a
proxy for this formation mechanism we used tetrahydrofuran (THF) as a guest molecule. We
use micro X-ray computed tomography (MXCT) images to image hydrate distribution in the
pore space. In addition, we investigated the influence of hydrate saturation and distribution
on ultrasonic velocities. The relation between pore-scale distribution, hydrate formation
method and velocities is essential to determine the amount of hydrate in a reservoir from
seismic data and sonic logs.
2.2.1 Effective Medium Modeling
Seismic and acoustic velocities are influenced by changes in hydrate saturation. However,
in addition to hydrate saturation, velocities will behave differently for different hydrate distri-
butions in the pore space. Theoretical models infer different pore-scale hydrate distributions
and their impact on acoustic velocities. One such model is the effective medium theory
developed by Dvorkin et al. (1994) and Dvorkin and Nur (1996) applied to hydrate-bearing
sediments by Ecker et al. (1998) and Helgerud et al. (1999) (Figure 2.8) .
Figure 2.1: Conceptual images of possible hydrate distributions in the pore space. Gray
spheres represent sediment grains, pore fluid (e.g. brine) is shown in blue and hydrate in
white. a) pore filling hydrate b) frame-component hydrate c) envelope-cementing hydrate
d)contact-cementing hydrate. Figures modified from Rydzy and Batzle (2011)
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Figure 2.1 shows four different pore-scale distributions according to this effective medium
model for gas hydrates in sediment: contact cementing, envelope cementing, pore filling and
load bearing. The different influences on velocities for each of the distribution models are
shown in Figure 2.8. The contact-cementing hydrate causes a drastic increase in ultrasonic
velocities even for small amounts of hydrate present in the pore space since the hydrate
becomes part of the dry sediment frame and bonds the sediment grains together leading to an
increase the frame stiffness. Hydrate formed according to the pore-filling model shows a much
smaller influence on the ultrasonic velocities as the hydrate is considered part of the pore
fluid and does thus only change the elastic properties of the fluid without having an influence
on the stiffness of the dry sediment frame. Hydrate formation from free gas appears to create
grain-cementing hydrate, which resembles the contact or envelope-cementing models (Chand
et al., 2006; Priest et al., 2005; Waite et al., 2004). The hydrate formation for this method
starts at the interface of free gas and water and grows into the water face. Cementing
hydrate mimics the initial water saturation of the samples (Ebinuma et al., 2005; Waite
et al., 2004). Hydrate formed from gas dissolved in water seems to have little or no cont“act
with the sediment grains and thus conforms to the frame-component or pore-filling model
(Kerkar et al., 2014). For this method the hydrate nucleation starts at the grain surfaces
and the hydrate grows into the pore space (Waite et al., 2009). Laboratory measurements
are necessary to determine the correlation of hydrate distribution in the pore space with
ultrasonic velocities and to corroborate previous results.
2.3 Materials and Method
We utilized micro X-ray computed tomography and ultrasonic velocity measurements.
Micro CT was used for direct visual observation of the pore-space hydrate distribution. Ul-
trasonic velocity measurements were used to show how the velocities change for different
hydrate saturations. The combination of these two measurements can be compared to ef-
fective medium models. The materials in the sample were borosilicate glass beads as host
sediment, THF as guest molecule and methane proxy, de-ionized water mixed with barium
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chloride to obtain a density contrast between THF hydrate and residual brine.
2.3.1 Proxy for Natural Gas Hydrate
The most common hydrate in nature is methane (CH4) hydrate. Methane hydrates either
need to be cooled to -78.7 ◦C to be stable under atmospheric pressure (Sloan and Koh, 2008)
or require a pressure of 4 MPa to be stable at 4 ◦C (Carroll, 2009). The controlled synthesis of
methane hydrate from the aqueous phase is additionally difficult, mainly because of the low
solubility of methane in water (1.5 · 10−3 mol methane per 1 mol water at 5 MPa and 25 ◦C
(Lide and Frederikse, 1995). This low solubility necessitates extensive pore fluid circulation
and long experimental time for hydrate formation from the aqueous phase (Spangenberg
et al., 2005).
We used THF which forms hydrates at atmospheric pressure and temperatures of 4
◦C (Sloan and Koh, 2008). THF is a heterocyclic ether with the molecular formula C4H8O.
THF is completely miscible in water (Sloan and Koh, 2008) and thus widely used to resemble
hydrate formation from methane dissolved in water (Collett and Ladd, 2000; Pearson et al.,
1986; Yun et al., 2005). Lee et al. (2007) demonstrated that THF and methane hydrates
exhibit similar macroscale mechanical, electrical and thermal characteristics. THF has the
advantage of providing close control on the hydrate saturation by varying the stoichiometric
THF-H2O mixture without having the long formation history of methane hydrate. However,
it should be noted that THF hydrate forms structure-II hydrates whereas pure methane forms
structure-I hydrates. Hydrates in nature, especially when formed from thermogenic gas, often
contain longer chain hydrocarbons (e.g. ethane, propane) in addition to methane and thus
can form structure-II hydrates (Sloan and Koh, 2008). Further, the velocity difference for
structure-I and structure-II hydrates is small compared to the variation in velocities caused by
of different pore-space hydrate distributions (Sloan and Koh, 2008). The velocity difference
caused by using a structure-II instead of a structure-I hydrate is negligible. Therefore, THF
hydrate is used as a proxy for naturally occurring gas hydrate. Since THF is completely
miscible in water, there is no interface between the two phases. Thus, THF does resemble
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the hydrate formation from methane dissolved in water, not the formation from free gas and
water.
2.3.2 Sample Composition and Preparation
Sample components were unconsolidated borosilicate glass beads (diameter: 1 mm) used
as host sediment, de-ionized water, THF and barium chloride. In contrast to sediment grains,
glass beads have a uniform X-ray attenuation value, shape and density (2.23 g/cm3) allowing
for easier interpretation of the micro CT images. We used barium chloride as a CT contrast
agent and a proxy for naturally occurring sodium chloride brine. Stoichiometric mixtures of
THF and water were used to obtain different hydrate saturations. The specimen exhibited
a porosity of approximately 0.35. The porosity was determined from CT images.
The same sample composition was used for ultrasonic velocity measurements and micro
CT imaging. For the micro CT samples, the liquid mixture of THF, barium chloride and
DI-water was added to the dry borosilicate glass beads through a syringe. Micro CT samples
were formed directly in the pressure vessel and had a pore volume of approximately 3 ml.
For the ultrasonic samples, a sleeve of heat-shrink tubing was placed between two ultrasonic
transducers, filled with borosilicate glass beads and then evacuated before the mixture of
THF, water and barium chloride was injected with a pore pressure of 0.3 MPa. The glass
beads were poured into a heat-shrink sleeve loosely without compacting them. The pore
volume of the ultrasonic samples was 9.4 ml.
Table 2.1: List of measured samples






Table 2.1 shows all samples which have been measured. Micro CT imaging was performed
on four samples, two with 40% hydrate saturation and two with 80% hydrate saturation.
Ultrasonic velocity measurements were obtained for 5 samples with saturations of 40%,
60%, 80% and 100% and one additional sample with 60% hydrate saturation which did not
contain barium chloride. These saturations were chosen in order to compare the measured
ultrasonic velocities with the effective medium models. Note that the reported THF hydrate
saturations refer to the target hydrate saturation that we expect from the water-THF ratio
for each sample. Due to THF evaporation and incomplete conversion of THF and water to
hydrate, the actual saturation of our samples will probably be below the target saturation.
2.3.3 Micro X-Ray Computed Tomography
Micro CT imaging was performed in the MicroXCT-400 apparatus from XRadia. A
Torlon (poliamide-imide) pressure cell with stainless steel fittings on both ends was used. The
pressure cell has an inner diameter of 7 mm and a length of 8 cm ( Figure 2.2). The setup was
temperature controlled by cooled air. Air from a compressor is transported through a copper-
coil located in a cooling bath (Tbath = −30◦C) and then led through a thermally insulated
hose into the CT apparatus. The insulated section between cooling bath and CT apparatus
also contains a hose loop which circulates cooled ethylene glycole alongside the air hose for
additional cooling. This setup provides cooling for periods of multiple days to keep the
hydrate stable while high-resolution CT scans are performed. The temperatures were kept
stable 1± 0.5◦C for the duration of the imaging process. The temperature was constantly
kept above 0 ◦C to avoid the formation of ice along with THF hydrate. Temperature was
measured with a thermocouple located directly in the glass bead pack.
Micro CT measurements allow the distinction between materials based on their X-ray
attenuation. X-ray attenuation is proportional to a product of bulk density and effective
atomic number of each material at the measurement X-ray energy (Van Geet et al., 2000).
Thus, micro CT imaging provides insight into the distribution of different sample components
in the pore space. The output data of the micro CT apparatus are gray scale images scaled
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Figure 2.2: Experimental setup for micro CT imaging
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to the X-ray attenuation. Dark gray areas indicate low attenuation, light gray to white areas
correspond to high attenuation.
Barium chloride was added to the fluid mixture to enhance the density contrast between
residual brine and hydrate. A higher density contrast leads to a contrast in X-ray attenuation
and thus to distinguishable gray values in the images. As hydrates form, barium chloride is
excluded from the hydrate structure and remains within the water phase. The bulk densities
of each sample component are listed in Table 2.2. We used an initial salinity of 3.2% for
the sample with 80% hydrate saturation and 8.3% for the sample with 40% resulting in a
salinity of 12.3% in the residual brine for both samples after hydrate formation. The amount
of barium chloride was adjusted for each sample in order to obtain a density of 1.1 g/cm3 for
the remaining water assuming that all THF in the sample has been converted to hydrate.
In this study, the hydrate-bearing sample was monitored after the hydrate-formation
process was completed. Micro CT imaging of THF-hydrate dissociation was discussed in
Schindler and Batzle (2014). X-ray source voltage of 150 kV and power of 6.2 Watt were
used for all tomographies. Magnification of 0.5X (resolution 14.9 µm and 45.4 µm) was used
to obtain a large field of view and thus an overview over the sample, magnification of 4X
(resolution 5 µm) was used for a detailed view of the pore space. Best results were obtained
for angular increments of 0.1◦ to 0.2◦ resulting in scanning durations of 1.5 hours for 0.5X
magnification to 6 hours for 4X magnification.
2.3.4 Ultrasonic Velocity Measurements
The basic principle behind pulse transmission ultrasonic velocity measurements is to
send an ultrasonic signal through a sample and measure the signal’s travel time. Therefore
transducers with piezoelectric PZT crystals (frequency: 500 kHz) for P- and S-wave are
attached to a sample jacketed with heat-shrink tubing. Temperatures are recorded with
a thermocouple located outside of the sample in the confining fluid. Figure 2.3 shows a
schematic of the experimental setup. More detailed information about the experimental
setup and methodology can be found in Schindler and Batzle (2014).
18
Figure 2.3: Experimental setup for ultrasonic velocity measurements
19
After the described sample preparation, an isostatic confining pressure of 3.3 MPa was
applied and the temperature was gradually decreased below hydrate stability temperature
(4.3 ◦C for 100% THF hydrate saturation). Waveforms for compressional and shear waves
were recorded during the cooling process for each 1 ◦C interval. At temperatures close to the
hydrate stability zone, waveforms were recorded more frequently (approximately every 0.2
◦C). The cooling process was continued until hydrate formed in the sample which was indi-
cated by a significant increase in compressional and shear wave velocities. When a significant
increase in velocities was observed, the temperature was kept constant until the velocities
stabilized. After hydrate formation, the sample was cooled further until the remaining wa-
ter in the pore space froze. The ice formation was indicated by an additional increase in
velocities at lower temperatures than the first velocity increase. The further cooling until ice
formation was performed to rule out ice as the reason for the first observed velocity increase.
Differential scanning calorimetry has shown that the addition of 5 wt% barium chloride de-
creases the freezing temperature of ice to -7.9 ◦C and the hydrate equilibrium temperature
to 3.8 ◦C. Thus, the samples had to be cooled below 0 ◦ to form ice (Figure 2.7).
First arrival times were picked from waveforms (Figure 2.4). The sample length was
determined from micro CT imaging of the sample before performing the ultrasonic veloc-
ity measurements and a second time after performing the measurements for comparison.





where l is the length of the sample, t is the first arrival time and t0 is the dead time (the total
travel time of a pulse when one transducer assembly is in contact with the other without a
sample in between).
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Figure 2.4: Ultrasonic waveforms of samples with different hydrate saturations. A decrease
in P-wave arrival times with increasing hydrate saturation was observed
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2.4 Results and Discussion
2.4.1 Micro X-ray Computed Tomography Imaging
The reconstructed CT images (Figure 2.5) contain information about the distribution
of different components in the samples. Different gray values in the CT images represent
different X-ray attenuation values in the sample. Because of its low attenuation (Table 2.2),
THF hydrate has low gray-values and appears as violet and black areas in the micro CT
images whereas barium chloride brine has higher gray values caused by its higher attenuation
value (Table 2.2) and is displayed in light yellow and white.
Figure 2.5: CT image showing horizontal slice through sample with Sh=40% (left) and
Sh=80% (right). Resolution of 5.0 µm. White/light yellow: barium chloride brine, yellow/o-
range: glass beads, pink/violet: THF hydrate
Figure 2.5 shows CT images for two samples with 40% and 80% hydrate saturation. The
images indicate that THF hydrate is located in the pore body. However, part of the hydrate
appears to bridge the grains and becomes load bearing. Barium chloride brine is found mainly
at the grain contacts and fills some small pores entirely. These observations are in agreement
with the findings by Kerkar et al. (2014) and Chaouachi et al. (2015). Both observed a layer
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of residual water between hydrate and grain surface indicating no cementation of the grains
by hydrate. Due to resolution limitations, the residual water layer was not observed in our
micro CT images. The hydrate can behave load bearing even in the presence of a residual
water layer between hydrate and sediment grains. The presence of hydrate in the pore
space restricts the movement of sediment grains and thus increases moduli and velocities,
respectively, without hydrate crystals directly touching the grain surfaces. THF hydrate is
distributed evenly throughout the entire sample; heterogeneity was not observed. For image
analysis, ImageJ was used. ∗
Table 2.2: Density of sample components included in Micro CT samples. a) from Lide and




BaCl2 brine (12.3 wt%) 1.1
THF hydrate 0.97(b)
THF-water-BaCl2 mixture 1.00
2.4.2 Ultrasonic Velocity Measurements
P and S-wave velocities were recorded for each sample during the cooling from 23 ◦C to -8
◦C and are shown exemplary for the sample with 40% hydrate saturation in Figure 2.7. The
errors for P and S-wave velocities are about 5% and 20% to 23%, respectively (Table 2.3).
Errors in velocity were calculated by propagating the uncertainties in sample length and
picking of arrival times:


















where v is the velocity, l is the length of the sample, t is the arrival time, t0 is the dead
time, σl is the uncertainty in sample length, σt is the uncertainty in arrival time, σt0 is the
∗ImageJ is a free image processing package mainly used for medical imaging. It is available at
http://imagej.nih.gov/ij/
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uncertainty in dead time, and σv is the absolute error in velocity.
The sample length was determined with micro CT in four different positions. Half of the
difference between the longest and the shortest measured length was used as the error in
sample length. This length uncertainty was between 200 µm and 400 µm for all measured
samples. It should be noted that the variation in length due to applied confining pressure
and hydrate formation in the sample can be larger thus introducing an additional, not
quantifiable error. The arrival time for the compressional wave is picked manually at the
first significant divergence from zero in amplitude. Since the manual pick is subjective, an
error of σt = 10−7s is assumed. The shear wave is picked at the first amplitude maximum
since the first divergence from zero for the shear wave is not visible due to signal quality. This
introduces an error of σt = 5 · 10−6s resulting in a much larger velocity error for the S-wave
than for the P-wave. However, the arrival times were picked at the same feature for each of
the waveforms. Thus, the relative error is much smaller than the absolute error displayed
in Figure 2.7 and Table 2.3. Our analysis concentrates on P-wave velocities because of the
large error in S-wave velocities. An error of 5% is assumed for hydrate saturations. The
vapor pressure of THF is six to seven times higher than that of water. Thus, THF will
evaporate preferentially causing the actual hydrate saturation to be lower but never higher
than the target saturation (Yun et al., 2007). Thus, we show error bars for the hydrate
saturations only in a negative direction. Yun et al. (2007) assumed 2% of THF hydrate
saturation uncertainty for their study.
The equilibrium temperature for THF hydrates and water is 4.3 ◦C for 100% hydrate
saturation. Hydrate formation started at temperatures below 4.3 ◦C. Reasons are the addi-
tion of barium chloride and the sub-cooling required to initiate hydrate formation (Sloan and
Koh, 2008). Furthermore, 4.3 ◦C is the equilibrium temperature for 100% hydrate saturation.
For lower hydrate saturations, the equilibrium temperature decreases (Sloan and Koh, 2008)
as shown in Figure 2.6. Additionally, the temperature was recorded in the confining fluid
outside of the sample and the system was cooled radially from the outside inward. Thus,
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it is assumed that the temperature of the sample was slightly higher than the measured
temperatures during the cooling process. An increase in velocities which is attributed to the
presence of hydrate in the pore space was first observed below 0 ◦C for all samples except for
100% hydrate saturation. A second velocity increase indicated the formation of ice at lower
temperatures of approximately -8 ◦C (Figure 2.7). Although the hydrate formation started
at temperatures below 0 ◦C, the simultaneous formation of ice in the sample can be ruled
out due to the second increase in velocities. One factor attributing to lowered formation
temperatures is the location of the temperature measurements: the thermocouple in the
ultrasonic setup was located outside of the sample in the confining fluid. The temperature
of the actual sample was higher than the recorded temperatures due to our experimental
setup.
Figure 2.6 shows the P-wave velocities recorded during the cooling of four samples with
four different hydrate saturations. The velocities remain approximately constant before
THF hydrate stability temperature is reached. A velocity increase became apparent at
temperatures below the THF hydrate stability temperature, which decreases with decreasing
hydrate saturation (Makino et al., 2005). The velocity increases with hydrate saturation
increase. We speculate that hydrate formation starts before we observe an increase in P-
and S-wave velocities. THF hydrate forms first in small amounts in the pore fluid and is
not detected by the ultrasonic velocities. As the hydrate saturation increases and hydrate
starts to touch and bridge the grains, we see significant increases in velocities (Figure 2.6
and Figure 2.7). Similar observations were made by (Hu et al., 2010) who report changes in
P- and S-wave velocities only when hydrate saturation exceeds 10%.
Figure 2.8 demonstrates how the measured ultrasonic velocities at different THF hydrate
saturations compare with the effective medium models by Ecker et al. (1998) and Helgerud
et al. (1999). The input parameters for the effective medium models are listed in Table 2.4
and Table 2.5. P-wave velocities follow the trend of the pore-filling model but show higher
values. We attribute these higher values to the partial bridging of grains causing the THF
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Table 2.3: Ultrasonic velocities after hydrate formation
Sh [%] vp [m/s] vs [m/s]
0 2078± 83 658± 131
40± 5 2512± 123 1025± 218
60± 5 2645± 133 1057± 233
80± 5 3021± 146 1185± 255
100± 5 3466± 189 1187± 275
Figure 2.6: Ultrasonic P-wave velocities during the cooling of samples with different hydrate
saturations. The THF-hydrate-water equilibrium temperature is shown for each tested hy-
drate saturation. An increase in velocities indicates the presence of hydrate in the sample.
Higher hydrate saturation resulted in higher P-wave velocities. For illustration, velocity er-
ror bars are shown for 80% hydrate saturation. The formation of ice was decreased to about
-8 ◦C due to the addition of barium chloride.
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Figure 2.7: Ultrasonic P and S-wave velocities recorded during the cooling of a sample with
40% hydrate saturations. The THF-hydrate-water equilibrium boundary is shown for 40%
hydrate saturation. After hydrate formation, the sample was cooled further until the residual
water froze resulting in an additional velocity increase.
Table 2.4: Input parameters for effective medium models (Hydrate data from Sloan and Koh
(2008), brine and THF data from Lide and Frederikse (1995))
Component ρ [kg/m3] K [GPa] G [GPa]
glass beads 2230 34.6 26.2
brine (12.3 wt%) 1100 2.3 0
THF 889 2.1 0
THF hydrate 970 8.7 3.6
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Figure 2.8: Effective medium model after Ecker et al. (1998) and Helgerud et al. (1999) with
compressional wave velocities obtained by ultrasonic measurements
Table 2.5: Input parameters for effective medium models (Hydrate data from Sloan and Koh




effective pressure 3 MPa
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hydrate to become load bearing. The effective medium models show end members of pos-
sible hydrate distributions. A mixing of hydrate suspended in the pore fluid with hydrate
partially bridging grains and becoming part of the sediment frame is possible. This behavior
has been described by Fabricius (2003) as IF (isoframe) models. The observation of non-
cementing hydrate that is mainly located in the pore bodies is in agreement with findings in
natural hydrate samples from the Nankai Trough (Inamori et al., 2010; Konno et al., 2015;
Santamarina et al., 2015).
2.5 Conclusion
Micro CT images show that THF hydrate forms in the pores as part of the pore fluid but at
high hydrate saturations we observed a partial bridging of the grains by load-bearing hydrate.
Ultrasonic velocities increase only after cooling the sample well below THF hydrate stability
temperature. We conclude that THF hydrate first forms in the pore bodies. Ultrasonic
velocities increase only after hydrate saturation increases enough for the hydrate to become
load bearing. Direct contact between hydrate crystals and sediment grains is not necessary
for the hydrate to be load bearing. Although we did not observe a residual water layer
separating hydrate and sediment grains, previous studies indicated the presence of such a
layer and no direct contact between hydrate and grain surfaces. Given that THF hydrate is
a proxy for one possible texture of natural occurring hydrate, we conclude that natural gas
hydrate in coarse grained sediments is partially suspended in the pore fluid and partially load
bearing when formed from natural gas dissolved in water. This conclusion is essential for the
assessment of gas hydrate saturation from seismic and sonic log data. The combination of
micro CT imaging and ultrasonic velocity measurements in our study allows a direct visible
observation of the hydrate distribution in the pore space linked to the effect of said hydrate
distribution on elastic properties. Our study provides a verification of pore-scale hydrate
distribution which is indirectly implied from elastic properties in other publications.
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CHAPTER 3
PRESSURE-DEPENDENT VELOCITY MEASUREMENTS AND MICRO
CT-IMAGING IN UNCONSOLIDATED SEDIMENTS
Submitted to Geophysical Research Letters
Mandy Schindler∗,† and Manika Prasad§
3.1 Abstract
We imaged confining-pressure induced changes in dry, unconsolidated quartz sand with
micro X-ray computed tomography (CT) while simultaneously recording ultrasonic P-wave
velocities.A 30% reduction in porosity is accompanied by extensive grain damage, increased
number of contact points between grains and increased contact radius with increasing confin-
ing pressure (atmospheric pressure to 27.6 MPa). We used image-derived porosity, contact
number and contact radius to compute P-wave velocities with the Hertz-Mindlin contact-
radius model. Our observations showed that numerous assumptions of the widely used
Hertz-Mindlin model are violated in this type of sediment and the model drastically over-
predicts velocities. Our results indicate that the Hertzian contact model should be applied
with caution to angular, unconsolidated sediments.
3.2 Introduction
Understanding the elastic properties of unconsolidated granular media is crucial for inter-
preting seismic and sonic log data in soils and unconsolidated petroleum reservoirs. Elastic
∗corresponding and editing author
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moduli as well as velocities in unconsolidated sediments are strongly pressure dependent
due to decrease in porosity and changes in packing with increasing effective pressure. As
hydrocarbons are extracted, pore pressure decreases causing the sediments to experience an
increase in effective pressure. In order to monitor saturation and pressure changes through
seismic and sonic log data we need to correct them for changes of the dry frame.
Unconsolidated sediments are often described by the Hertzian contact model (Bachrach
and Avseth, 2008; Digby, 1981; Mindlin, 1949) which describes elastic properties of a pack
of identical spheres. The commonly observed discrepancies between measured velocities and
Hertzian model predictions (Bachrach et al., 2000; Prasad and Meissner, 1992; Zimmer et al.,
2006) are reduced by allowing slippage and rotation of grain contact points (Bachrach and
Avseth, 2008; Zimmer et al., 2006). Grain size is assumed to be constant with pressure in
the Hertzian contact model and grain crushing is not taken into consideration. However,
pressure-dependent grain crushing and accompanying changes in grain size and sorting have
been documented (Chuhan et al., 2002, 2003; Perry et al., 2016; Prasad and Meissner, 1992).
Grain crushing during burial of sediments occurs until the onset of cementation and is hence
important for reservoir quality of consolidated sandstones (Makowitz et al., 2006; Milliken
et al., 1994; Storvoll and Bjørlykke, 2004). Fractures in individual grains occur during
compaction and are usually healed by cement in consolidated sandstones. These healed
fractures can be imaged with cathodoluminescence imaging (Milliken et al., 1994) but go
often unnoticed by light microscopy. Hence the effects of grain crushing on consolidated
sandstones are underrepresented. 2D-imaging methods do not allow the quantification of
coordination number (number of contact points per grain), contact radius and grain size
from images. 3D imaging is necessary to quantify the changes caused by grain crushing and
compaction. Furthermore, imaging consolidated reservoir sandstones captures only the final
state of the rock after diagenesis. Insights into the dynamic process of sediment compaction
with increasing burial, for example, changes in microstructure (packing rearrangement, grain
damage) with pressure are still largely speculated due to the lack of in-situ imaging during
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pressurization.
Although micro X-ray computed tomography (µCT) provides high-resolution 3D imaging,
pore-scale studies under in-situ pressure are rare (Iglauer et al., 2011; Kerkar et al., 2014;
Lebedev et al., 2017; Saenger et al., 2016; Zhang et al., 2016). Micro CT images acquired
at ambient pressure and temperature are commonly used to characterize pore and grain size
distribution, pore morphology, pore fluids and hydraulic properties (Ketcham and Carlson,
2001) which are then used to compute rock properties and simulate physical processes at the
pore scale in so called digital rock physics (Andrä et al., 2013a,b; Arns et al., 2002; Dvorkin
et al., 2011; Madonna et al., 2013; Saenger et al., 2016). Effective rock properties strongly
depend on in-situ temperature and pressure conditions. Digital rock physics studies are
usually based on images obtained at ambient pressure and thus do not capture the effects of
compaction (porosity loss, grain rearrangement, grain damage). Cil and Alshibli (2012, 2014)
and Parab et al. (2014) applied µCT to image grain-crushing processes under uniaxial load
with high strain rates for individual quartz grains and sand packs. Cil and Alshibli (2012,
2014) developed a DEM (discrete element model) to predict the grain-crushing behavior
in unconsolidated quartz-sand packs observed with µCT imaging. Brzesowsky et al. (2014)
modified the Hertzian contact model in order to take grain crushing and the resulting changes
in grain size into consideration.
We present ultrasonic P-wave velocities measured simultaneously with µCT imaging while
increasing confining pressure. The combination of simultaneous imaging and velocity mea-
surements provides new insights into pore-scale changes with pressure that could not be
obtained from 2D-imaging techniques. We analyze the images for coordination number and
contact radius which were missing from prior imaging work. The goal of this work is to
document in-situ changes in unconsolidated sediments and their relationship with acoustic
properties. We provide new insight into the reasons for the commonly observed overpre-
diction of velocities by the Hertzian contact model. Our observations are limited to coarse
grained, angular sediments. Grain crushing has been reported for well rounded quartz grains
33
and glass beads as well (Chuhan et al., 2003; Cil and Alshibli, 2012; Man and Wong, 2017;
Prasad and Meissner, 1992; Zheng and Tannant, 2016) indicating a broader applicability of
our findings. Our work raises awareness for the limitations of the Hertzian contact model
and will hopefully lead to the development of sand rock physics models that consider grain
crushing and microstructure.
3.3 Methods
We designed an experimental setup to simultaneously record micro CT images and ul-
trasonic velocities on a sediment sample while confining pressure is applied. More details
about this apparatus can be found in Schindler et al. (2017). Here we limit our description
to the experimental workflow.
3.3.1 Experimental Workflow
All experiments were performed inside an Xradia-400 µCT scanner, while pressure con-
trol and ultrasonic acquisition systems are located outside of the micro CT machine’s lead
enclosure. Confining pressure is applied with hydraulic oil through an ISCO syringe pump; a
pulser and an oscilloscope are connected to the two ultrasonic transducers inside the pressure
vessel. Feed-throughs on top of the vessel allow to attach up to 9 wires and 3 fluid lines (one
for confining pressure and two for pore pressure).
The pressure vessel consists of an aluminum cylinder with stainless steel Swagelog fittings
on both ends. The vessel has an outer diameter of 25.4 mm (1 inch) and has been tested for
pressures up to 34.5 MPa (5000 psi). We chose aluminum as material for the pressure vessel
since it proved to withstand high pressures while having a low density and hence allowing
radiation to pass through without significant attenuation.
We built ultrasonic transducers that can be used within the spatial constraints of the
pressure vessel. The transducers consist of piezoelectric PZT P-wave crystals with a diameter
of 4 mm encased by cylindrical pieces of PEEK (12.6 mm diameter).
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The sample examined in this study is a 21 mm long coarse grained, dry, angular quartz
sand pack with few Feldspar grains (grain size: 1 mm) with a diameter of 12.6 mm (about 10
grains across). The sample with a PEEK transducer at each end was jacketed with polyolefin
heat shrink tubing and sealed with steel wires.
We recorded µCT images and ultrasonic velocities at 10 pressure steps from 0.08 MPa (12
psi - atmospheric pressure) to 27.6 MPa (4000 psi). We increased the pressure by 3.45 MPa
(500 psi) steps at a rate of 0.35 MPa/min (50 psi/min) up to 27.6 MPa and then decreased
the pressure back to atmospheric pressure. The µCT imaging process took approximately 14
hours for each pressure step. We recorded images with a resolution at 5 microns for detailed
analysis and another set of scans at a resolution of 20 microns to cover an increased field of
view and obtain image data of the entire sample. The entire pressure cycle took about 10
days.
3.3.2 Image Analysis
Image analysis was performed in Matlab and ImageJ. We used a non-local means filter
(Buades et al., 2011) to enhance image quality by reducing noise while preserving the grain
boundaries. For quantitative analysis of the samples, we determined grain size, contact length
and coordination number (number of contact points per grain). These are used as model
input to compute sediment stiffness and compare modeled velocities to measured ultrasonic
velocities. By analyzing 20 grains that were in the field of view from top to bottom and not
cut off on the sides in the high-resolution images for all pressure steps (using approximately
800 horizontal image slices for each pressure step), we counted the total number of contact
points per grain in each 2D image slice to obtain a 3D coordination number. Contact radius
was measured at the widest part of the contact and is hence overpredicting the radius for
non-circular contact areas.
The Hertzian contact model assumes continuous area contact between two neighboring
identical spheres with the contact radius significantly smaller than the grain radius. However,
irregular grain shapes exhibit multiple contact points between two grains (Figure 3.1). These
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were counted as separate contact points in the data analysis. At higher pressures, numerous
grain contacts had a radius of the same magnitude as the grain radius (Figure 3.1). These
cases contradict the model assumptions made in the Hertzian contact model. Alternatively,
multiple contact points between two grains can be considered as one contact with a combined
radius of all separately observed contact area. This data interpretation will not be discussed
in the present study.
We determined the initial porosity from the initial weight and volume of the sample.
Then we used the low resolution scans to document changes in sample length and diameter
to calculate porosity for each pressure step by using the initial weight and updated sample
dimensions for each pressure step. To confirm all porosities, we used the high-resolution
scans segmented into grains and pore space. At each pressure step, we confirmed that the
porosity determined from weight and sample dimensions (Φwd) matched porosity determined
from segmented CT images (ΦCT ) within 0.4%.
Figure 3.1: Two examples of the challenges encountered in evaluating the CT images and
violations of Hertz-Mindlin model assumptions. Left: multiple contact points between 2
grains due to irregular grain shape. Right: contact radius is about equal to grain radius.
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Models
We obtained porosity, coordination number and contact radius from µCT images. These
were used as input parameters to model elastic properties. We used the Hertz-Mindlin model






















where Φ = porosity, n = average coordination number, a = average contact radius, Rgr
= average grain radius, Ggr = shear modulus (44 GPa for quartz), νgr = Poisson’s ratio
(0.08 for quartz), ρ = bulk density, obtained from grain density (2.65 g/cm3 for quartz) and
porosity. Keff and Grff are effective bulk and shear modulus for the sediment pack. Sn and
St are normal and tangential stiffness.
3.4 Results
Horizontal slices through the sample at 6 different confining pressures (Figure 3.2) show a
strong porosity decrease from 37.7 % at atmospheric pressure to 24.5 % at 27.6 MPa confining
pressure. The number of contact points between neighboring grains as well as the contact
radius increased with pressure (Table Table 3.1). The numbers in Table Table 3.1 were
obtained by evaluating an entire 3D dataset. Abundant grain damage occurred throughout
the entire sample, especially around contact points between adjacent grains with a small
contact radius. As a result of grain crushing, the average grain size decreases with increasing
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pressure. Grains that were separated by pore space at atmospheric pressure are pushed
together at elevated pressure which leads to fracturing. Grain movement is indicated by
arrows in Figure 3.2. Both, fracturing and compaction progressed continuously during all
pressure steps. The degree of damage sustained by individual grains varied significantly
throughout the sand pack.
Figure 3.2: Horizontal slices of µCT images at six different confining pressures from atmo-
spheric pressure to 27.6 MPa show porosity reduction, an increase in coordination number
and grain radius as well as grain crushing with associated fracturing and reduction in grain
size. Light gray areas are grains, dark gray areas represent pore space. Grain F is a feldspar
grain. Grains Q1, Q2 and Q3 are examples for heavily damaged quartz grains; Q4, Q5 and
Q6 sustained barely any damage. The white arrows indicate directions of movement for indi-
vidual grains between pressure steps. The length of the arrow does not represent magnitude
of movement.
The imaged area contained one feldspar grain (marked F in Figure 3.2). Some grains (Q2,
Q3 and F) sustain major fracturing possibly due to their shape and location in the sample
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while others (Q4, Q6) were spared. Such disparate damage might be due to stress concen-
trations at strategic breakpoints. In some cases, when grains are prevented from movement,
they are spared damage and act to preserve porosity (Q4, Q6). Further experiments should
test the relationship between grain shape, rotation and damage.
Figure 3.3: Ultrasonic P-wave velocities over increasing confining pressure from 0.08 MPa
to 27.6 MPa shown together with literature data from Prasad and Meissner (1992). The
three CT images show the sample without grain damage, the onset of grain damage and the
heavily damaged end state.
Figure 3.3 shows the measured ultrasonic P-wave velocities with increasing confining
pressure compared to data of coarse-grained sand by Prasad and Meissner (1992). The
velocities on angular sand are in very good agreement with our data, despite the smaller
grain size (D50 = 0.36 mm) in Prasad and Meissner (1992). Although the grain size of the
rounded sand from Prasad and Meissner (D50 = 0.65 mm) is closer to the grain size used
in this study (1 mm), we observed lower velocities. The difference is presumably caused
by difference in roundness. Above 6.9 MPa, competing effects between grain damage and
porosity reduction lead to a shallowing of the velocity pressure slope.
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Table 3.1: Confining pressure (Pc), porosity (Φ), coordination number (n), contact radius
(a), P-wave velocity obtained with Hertz-Mindlin model (vpHM ) and measured ultrasonic
velocities (vpUS).
PC [MPa] φ[v/v] n a [µm] vpHM [m/s] vpUS [m/s]
3.45 0.362 8.4 37 1661 875
20.7 0.273 13 106 3549 1363
We observed an increase of the average coordination number from 8.4 to 13 and an
increase in average contact radius from 37 µm to 106 µm between 3.45 MPa and 20.7 MPa
confining pressure (Table Table 3.1). We used the contact radii and coordination numbers
from Table Table 3.1 in the Hertz-Mindlin model to compute velocities. Table Table 3.1
shows that the measured ultrasonic velocities (vpUS) are significantly overpredicted by the
modeled velocities from the Hertz-Mindlin model (vpHM ). Table Table 3.2 summarizes the
various reasons for this overprediction. The velocity mismatch and the observed violations
of Hertz-Mindlin model assumptions indicate that the Hertz-Mindlin model should be used
with caution for angular, coarse sands.
Table 3.2: Assumptions of the Hertz-Mindlin model compared to observations from µCT
images
Assumption Observation
pack of identical spheres - grain size distri-
bution and grain shape, roughness, round-
ness, sphericity not considered
irregular grain shape (angular grains) with
variation in grain size
Point contacts with radius much smaller
than grain radius (a << Rgr)
Some contacts with radii in same dimen-
sion as grain radius (a ≈ Rgr)
One continuous area of contact between
two neighboring grains
Multiple contact points between two
neighboring grains possible
Maximum coordination number of 9 Coordination numbers between 3 and 23
observed for individual grains, average in-
creased with pressure




a) We have shown that compaction with increasing confining pressure results in exten-
sive grain damage and fracturing of sand grains at each pressure step. The fractures
occurred at contact points between quartz grains.
b) Due to fracturing, grain shape and degree of angularity changed and grain size decreased.
c) We obtained quantifiable changes in porosity, contact number and contact radius from
µCT images.
d) Due to numerous violations of assumptions of the Hertz-Mindlin model, the model
drastically overpredicts the measured velocities. We find that the Hertz-Mindlin model
should be applied with caution to angular, unconsolidated sediments.
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4.1 Abstract
We are presenting simultaneously acquired micro X-ray computed tomography (CT) im-
ages and ultrasonic P-wave velocities to assess confining-pressure induced changes in dry, un-
consolidated quartz sand. Increasing confining pressure (atmospheric pressure to 27.6 MPa)
leads to 30% reduction in porosity, over 60% decrease of grain size due to extensive grain
damage and changes in coordination number and contact radius. We used image-derived
porosity, grain radius, contact number and contact radius to compute P-wave velocities with
the Hertz-Mindlin contact-radius model. Our observations showed that numerous assump-
tions of the widely used Hertz-Mindlin model are violated in this type of sediment and the
model drastically overpredicts velocities. While these discrepancies can be eliminated for
undamaged sediments when the contact areas are assigned a reduced shear modulus, this
adjusted model still overpredicts the velocities of the sediment after grain crushing occurred.
Our results indicate that the Hertzian contact model should be applied with caution to
angular, unconsolidated sediments.
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4.2 Introduction
The need for understanding of elastic properties in unconsolidated sediments ranges from
soils, structural and civil engineering applications to unconsolidated petroleum reservoirs.
Since seismic imaging is the most commonly used exploration method, there is a need to
understand and model pressure dependent elastic moduli and velocities of unconsolidated
granular media. Studies of this pressure dependence are subject to numerous uncertainties.
The Hertzian contact model is commonly used to describe elastic properties of uncon-
solidated granular media (Bachrach and Avseth, 2008; Digby, 1981; Mindlin, 1949; Murphy
et al., 1984; Zimmer et al., 2006). It is a theoretical model for the elastic properties of a pack
of identical spheres. Despite being a widely applied model for unconsolidated sediments,
discrepancies between measured velocities and model predictions are common (Bachrach
et al., 2000; Prasad and Meissner, 1992; Zimmer et al., 2006). Walton (1987) reduced these
mismatches by allowing rotation and slipping of the grain contacts. One of the model’s as-
sumptions is pressure-independent, constant grain size. However, pressure-dependent grain
crushing and accompanying changes in grain size and sorting have been documented for the
type of sediments that the Hertz-Mindlin model is commonly applied to (Chuhan et al., 2002,
2003; Perry et al., 2016; Prasad and Meissner, 1992). Grain crushing during burial of sedi-
ments occurs until the onset of cementation and is hence important for reservoir quality of
consolidated sandstones (Makowitz et al., 2006; Milliken et al., 1994; Storvoll and Bjørlykke,
2004). In order to image grain texture and gain important insights into the microstruc-
ture, rocks are often characterized by 2D-imaging methods, like cathodoluminescence or
thin section microscopy which allow important insights into the microstructure. However,
such images do not yield quantitative descriptors, such as grain size, size of contact areas
and coordination number (number of contacting grains per grain), which are necessary to
model the elastic properties. Three dimensional imaging is needed to quantify the changes
caused by grain crushing and compaction. Insights into the development of fractures and
packing rearrangement with increasing burial are still largely unknown due to a lack of in-situ
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imaging during pressurization.
Micro X-ray computed tomography (µCT) is a non-destructive 3D imaging technique. It
is commonly applied to porous materials in order to characterize pore and grain size distri-
bution, pore morphology, pore fluids and hydraulic properties (Ketcham and Carlson, 2001).
µCT images have been used to compute rock properties and simulate physical processes
at pore scale. This method is commonly referred to as digital rock physics (Andrä et al.,
2013a,b; Arns et al., 2002; Dvorkin et al., 2011; Madonna et al., 2013; Saenger et al., 2016).
The majority of digital rock physics studies rely on images obtained under ambient pres-
sure conditions (Andrä et al., 2013a), although rock properties strongly depend on in-situ
pressure conditions. To date, very few studies of sediment compaction under pressure were
recorded with µCT imaging (Al Mahbub and Haque, 2016; Cheng and Wang, 2018; Cil and
Alshibli, 2012, 2014; Kawamoto et al., 2016; Parab et al., 2014; Zhao et al., 2015). To our
knowledge, this is the first study combining µCT imaging and ultrasonic velocity measure-
ments as a function of pressure. This simultaneous acquisition of images and velocities has a
great potential of being a benchmark for digital rock physics studies. Currently, digital rock
physics studies rely on velocity measurements obtained on different rock samples than the
ones imaged (Saenger et al., 2016) or even literature velocity data on the same rock type,
but from different formations (Andrä et al., 2013b; Dvorkin et al., 2011). The availability
of a µCT dataset as input for digital rock physics models together with ultrasonic velocities
measured on the exact same volume of sediment can bring great improvements to digital
rock physics. Capturing the pressure-induced changes in elastic properties with digital rock
physics is one of the biggest challenges in this relatively new field of research. Our dataset
combination with digital rock physics modelling can potentially shed new light on the rela-
tionship between structural changes of sediment under pressure and their effect on elastic
properties.
In addition to being a benchmark for digital rock physics, the combination of simultane-
ous imaging and velocity measurements provides new insights into pore-scale changes with
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pressure that could not be obtained from 2D-imaging techniques. We analyze the images
for coordination number and contact radius which were not analyzed in previous imaging
studies. The goal of this work is to document in-situ changes in unconsolidated sediments
and their relationship with acoustic properties. We provide new insight into the reasons
for the commonly observed overprediction of velocities by the Hertzian contact model. Our
observations are limited to coarse grained, angular sediments. Grain crushing has been re-
ported for well rounded quartz grains and glass beads as well (Chuhan et al., 2003; Cil and
Alshibli, 2012; Man and Wong, 2017; Prasad and Meissner, 1992; Zheng and Tannant, 2016)
indicating a broader applicability of our findings. Our work should raise awareness for the
limitations of the Hertzian contact model and will hopefully lead to improvement of sand
rock physics models by considering grain crushing and microstructure.
4.3 Methods
We performed µCT imaging simultaneously with ultrasonic velocity measurements on an
unconsolidated sediment sample under confining pressure up to 27.6 MPa (4000psi).
4.3.1 Experimental Setup and Workflow
The experiments were conducted in an Xradia-400 µCT apparatus with ultrasonic ac-
quisition and pressure control systems located outside of the µCT machine (Figure 4.1).
Confining pressure is generated with an ISCO syringe pump filled with hydraulic oil as con-
fining fluid; a pulser and an oscilloscope are connected to the two ultrasonic transducers
inside the pressure vessel. Feed-throughs in the pressure-vessel head allow to connect wires
and fluid lines for confining pressure and pore pressure. Pore pressure was not applied during
this study.
The pressure vessel consists of an aluminum rod with stainless steel Swagelog fittings on
both ends (Figure 4.2(b)); it has an outer diameter of 25.4 mm (1 inch) and is suitable for
pressures up to 34.5 MPa (5000 psi). Aluminum withstands high pressures while having a
45
low X-ray attenuation and thus avoiding increased scanning time and minimizing noise in
the µCT images.
Figure 4.1: Experimental setup in µCT machine. The pressure cell is attached to the rotating
sample stage. Pulser and oscilloscope for the acquisition of ultrasonic velocities and an ISCO
syringe pump which generates the confining pressure are located outside of the µCT’s lead
enclosure.
We designed ultrasonic transducers that can be used within the spatial constraints of the
pressure vessel (Figure 4.2(a)). The transducers consist of piezoelectric PZT P-wave crystals
with a diameter of 4 mm encased by cylindrical pieces of PEEK (12.6 mm diameter).
All measurements were performed on a 21 mm long coarse grained, air-dry, angular quartz
sand pack with few Feldspar grains (grain size: 1 mm) with a diameter of 12.6 mm. The
cylindrical sample is encased by two ultrasonic transducer and polyolefin heat shrink tubing
and sealed with steel wires (Figure 4.2(b)).
We recorded µCT images and ultrasonic velocities at 10 pressure steps from 0.08 MPa
(12 psi - atmospheric pressure) to 27.6 MPa (4000 psi). Confining pressure was increased in
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(a) Ultrasonic transducers (b) Pressure vessel with sample
Figure 4.2: Aluminum pressure vessel for use inside µCT and ultrasonic transducer endcaps
for recording of ultrasonic P-wave velocities simultaneously with µCT imaging
3.45 MPa (500 psi) steps at a rate of 0.35 MPa/min (50 psi/min) up to 27.6 MPa and then
decreased back to atmospheric pressure. After each pressure increase we waited for an hour
before continuing image acquisition to avoid grain rearrangement and hence movement in
the sample during the scanning process. The µCT imaging process took approximately 14
hours for each pressure step. Images with 20 µm resolution cover the entire sample length
and a subvolume in the center of the sample was imaged at a higher resolution (4.7 µm) for
detailed analysis. One such comprehensive experimental procedure takes about 10 days to
complete.
4.3.2 Image Processing and Quantitative Analysis
At each confining pressure step we recorded a three-dimensional, cylindrical CT volume
of 4.7 mm in diameter and 4.7 mm in length, represented by a stack of 1000 two-dimensional
slices with a separation of 4.7 µm between each slice. We analyzed grains which are fully
in the field of view at all pressure steps without being cut off at the top, bottom or sides,
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leaving us 635 slices to analyze per pressure step. We used ImageJ for image processing and
quantitative analysis. The image processing steps were as follows:
• To remove gray value differences each 2D slice was divided by its mean gray value and
multiplied by the gray value for the entire stack.
• We picked a gray value for the pore space in the center and close to the edge of the
imaged area and constructed a radial filter to eliminate radial changes in gray values.
• We applied a non-local means filter to reduce noise while preserving grain boundaries
(Buades et al., 2011).
• An edge-enhancement filter was applied to further increase the contrast between grains
and pore space and neighboring grains (Figure 4.3(a)).
• We applied a threshold to create a binary image representing 2 phases: pore space and
grains.
• The binarized image was used as input for a 3D watershed algorithm, part of the
ImageJ plugin MorphLibJ (Legland et al., 2016).
• In order to capture all physical boundaries between neighboring grains, we had to
choose parameters for the watershed algorithm that created more boundaries than
actually existed (Figure 4.3(b)) as it is not possible to create additional boundaries
after applying the algorithm. It is, however, possible to combine separated objects,
which was done manually after applying the watershed algorithm (Figure 4.3(c)).
• The misinterpreted boundaries in the image were removed with a 3D morphological
closing filter, a part of the MorphLibJ plugin (Figure 4.3(d)).
As a result of this processing workflow we obtained a segmented three-dimensional dataset
in which each grain is represented as a separate object. That allows us to analyze shape and
size for each of these grains in three dimensions. This detailed analysis was performed for
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(a) Pre-processed µCT image (b) Result of 3D watershed segmentation
(c) Manual correction of segmentation result (d) Remove misinterpreted boundaries with 3D clos-
ing filter
Figure 4.3: Processing steps taken to divide µCT volume into individual grains for statistical
analysis (segmentation)
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two pressures representing the high (20.7 MPa) and the low (3.5 MPa) confining pressures
used in the experiment. The image stacks from these two pressures also had a better image
quality as compared to the other pressure steps. We chose 3.5 MPa and 20.7 MPa for detailed
analysis as they represent high and low confining pressure and had a higher image quality
than the µCT data obtained at other pressures. We determined porosity for the entire sample
and grain size, coordination number and contact radius for each complete grain. Grains that
were cut off on the edges of the imaged volume are not taken into consideration for grain size
and contact radius estimation but they are counted as contacting grains for the coordination
number estimation.
Initial porosity is calculated using initial weight and volume of the sample. For each sub-
sequent pressure step we calculated porosity by using the initial weight (the weight of the
sediment stays constant throughout the experiment) and updated sample length and diame-
ter using the low-resolution scans. To confirm the porosities, we compared them to porosity
obtained from segmented high-resolution scans for 3.5 MPa and 20.7 MPa. Porosity deter-
mined from weight and sample dimensions matched porosity determined from segmented CT
images within 0.4%.
Using the MorphLibJ plugin, we performed a three-dimensional particle analysis from
which we obtained the volume for each grain. We assumed a sphere with the volume of each









where V is the object (grain) volume. The uncertainty in placing the exact boundary of grain
and pore space results in an error of 4 to 6% for the average grain radius in the examined
volume. We obtained this error by calculating the number of pixels on the grains’ surface.
The coordination number is the number of grains in contact with each grain. Multiple
contact points between two grains occur due to irregular grain shape and were counted as one
contact with the combined area of both contact points. Note that this approach is different
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than the one in Schindler and Prasad, 2018 (submitted to Geophysical Research Letters)
where each contact point between two grains was considered separately, allowing for more
than one contact point between two grains. All contacting grains for each grain were counted
using the region adjacency graph of the MorphLibJ plugin. The output was converted into
coordination numbers with a Matlab code.
In order to obtain contact radii for each contact, further image processing steps were
necessary:
• A morphological erosion filter was applied to the segmented 3D volume
• A gradient filter with the same element shape and size as the erosion filter was applied
to the segmented 3D volume
• The minimum of both of these volumes was computed; all objects left in the resulting
volume are grain contacts.
The irregular shape of these contacts makes it hard to calculate a contact radius with
certainty. We based our calculations on the assumption that each contact volume has a
thickness of 2 pixels (9.4 µm) and assumed said thickness to be the height of a cylinder with
the volume equivalent to the volume of each grain contact. Dividing the cylinder’s volume







were V is the contact volume and h is the thickness. Assuming a thickness of 2 pixels
for the contacts introduces an error in contact radius of up to 7%. This error was obtained




Porosity, coordination number, grain radius and contact radius obtained from µCT im-
ages are used as model input to compute sediment stiffness and compare modeled velocities
to measured ultrasonic velocities. We used the Hertz-Mindlin model (Mindlin, 1949) to






















where Φ = porosity, n = average coordination number, a = average contact radius, R
= average grain radius, Ggr = shear modulus (44 GPa for quartz), νgr = Poisson’s ratio
(0.08 for quartz), ρ = bulk density, obtained from grain density (2.65 g/cm3 for quartz) and
porosity. Keff and Geff are effective bulk and shear modulus for the sediment pack. Sn and
St are normal and tangential stiffness. This notation assumes is based on the assumption
that no slippage occurs at contacts due to infinite friction. If we assume no friction, i.e. slip





resulting in lower sediment stiffness. These two cases are referred to as “no slip” and
“slip” in the following text.
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4.3.4 Ultrasonic Velocities
Ultrasonic velocities are calculated from the travel time of the P-wave at first arrival
and the sample length at each pressure step, obtained from low resolution µCT images
(Figure 4.4). Due to unconsolidated nature of the sediment in this study and the small
size of the piezoelectric crystals in our transducers, signal quality introduces uncertainty
in our reading of the P-wave first arrival, especially at low pressures. The error based on
uncertainty in first arrival time and sample length is 10 - 16%.
4.4 Results and Discussion
Comparison of low-resolution images at atmospheric pressure and 20.7 MPa shows a
significant volume reduction for the entire sample (Figure 4.4) resulting in a significant loss
in porosity and grain crushing.
At high resolution, vertical slices through the sample for 6 different confining pressures
(Figure 4.5) show a strong porosity decrease from 37.7 % at atmospheric pressure to 24.5
% at 27.6 MPa confining pressure. Grain damage is observed abundantly throughout the
sample. Fractures always originate at the grain surface, especially at grain contact points
and progress to the grains interior. Fracturing and compaction progressed continuously with
increasing confining pressure; no threshold pressure for the onset of fractures was observed.
While some grains remain undamaged, others experience grain damage to such a degree that
the initial grain disintegrates into grain fragments.
Variation of gray values within individual grains are evidence for heterogeneities in the quartz
grains, an indication for detrital quartz with internal zones of weakness. Heterogeneous
grains would preferentially break along zones of weakness (Makowitz et al., 2006), however,
we cannot observe these zones with µCT imaging. Fracture development could be linked to
strain localization (Cil and Alshibli, 2012, 2014) which will be subject of further investigation.
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(a) Horizontal slice, 0.08 MPa (b) Horizontal slice, 20.7 MPa
(c) Vertical slice, 0.08 MPa (d) Vertical slice, 20.7 MPa
Figure 4.4: Low resolution (pixel size: 21.7 µm) images of the entire sample at atmospheric
pressure and 20.7 MPa. Porosity reduction and grain crushing indicate compaction. High-
density components of the experimental setup result in artifacts (PZT crystals on top and
bottom of the sample and ultrasonic signal wires on the sides of the sample).
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Based on our current observations, the breaking of grains appears random; we did not see
a correlation between grain size or grain shape and grain damage. Grains with high and low
aspect ratio and large and small grains appear equally susceptible to fracturing. Grains are
spared from damage when neighboring grains get interlocked and are stopped from further
movement. This interlocking mechanism also appears to be responsible for the preservation
of porosity: once grains are stopped from compacting further, pores are no longer closed. We
did not observe an equilibrium of porosity and compaction within the tested pressure range
but it is expected that the porosity would stay at a constant value once optimal packing of
the grains is reached at higher confining pressure. Figure 4.6 and Figure 4.7 show the same
horizontal and vertical slices of the sample at 3.45 MPa, before the onset of grain damage,
and at 20.7 MPa, after experiencing significant grain crushing. We analyzed the heavily
damaged sample at 20.7 MPa in two different ways:
1. Taking fracturing of the grains into account and considering each grain fragment a
separate grain. This casee is referred to as “fragmented”.
2. Ignoring the effects of fracturing and considering all fragments that were originally
part of one grain as still being one grain. This case is referred to as “no breaking”.
Making the distinction between these two cases allows us to separate the effects of changes
in grain size from changes in coordination number and contact radius. It should be noted
that the “no breaking” case is a hypothetical one for data analysis purposes only. Since we
limited our analysis to grains completely covered by the field of view, we analyzed 31 grains
at 3.45 MPa. At 20.7 MPa the field of view covered 218 grains due to bigger grains breaking
into smaller fragments and additional grains moving in the field of view due to compaction.
The segmented dataset at 20.7 MPa without considering fragmenting of grains (Figure 4.7(c)
and (d)) shows the same objects (grains) as assigned in the segmented dataset at 3.45 MPa
(Figure 4.6(b) and (d)).
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(a) 0.08 MPa, Φ = 37.7% (b) 3.45 MPa, Φ = 36.2%
(c) 6.9 MPa, Φ = 34.4% (d) 13.8 MPa, Φ = 30.9%
(e) 20.7 MPa, Φ = 27.3% (f) 27.6 MPa, Φ = 24.5%
Figure 4.5: Vertical slices of high resolution (pixel size: 4.7 µm) images of a subvolume of
the sample taken at confining pressures between 0.08 MPa (12 psi) and 26.7 MPa (4000 psi).
Porosity reduction, an increase in coordination number and grain radius as well as grain
crushing with associated fracturing and reduction in grain size were observed. Light gray
areas are grains, dark gray areas represent pore space. The image at atmospheric pressure
does not show the exact same area of the sample as the other pressure steps as the sample
was moved slightly between pressure steps.
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(a) Gray scale µCT image,vertical slice (b) Segmented image, vertical slice
(c) Gray scale µCT image,horizontal slice (d) Segmented image, horizontal slice
Figure 4.6: Processed µCT images at 3.45 MPa and respective segmented images. Grains are
separated into objects (represented by different colors) in order to analyze shape parameters,
size and spatial relations between grains. The “no breaking” case is missing from this figure
because no grain damage is observed below 6.9 MPa.
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(a) Gray scale µCT image, verti-
cal slice
(b) Segmented image, consider-
ing each fragment as individual
grains, the so-called “fragmented”
case
(c) Segmented image, considering
fragments as whole grain, the so-
called “no-breaking” case.
(d) Gray scale µCT image, hori-
zontal slice
(e) Segmented image, considering
each fragment as individual grain
(f) Segmented image, considering
fragments as whole grain
Figure 4.7: Processed µCT images and respective segmented images at 20.7 MPa. Grains are
separated into objects (represented by different colors) in order to analyze shape parameters,
size and spatial relations between grains.
When fracturing is taken into account, we observe a significant reduction in grain size
(Figure 4.8). Few grains stay intact, shown by the large grain sizes in Figure 4.8(b) but most
grains experience fracturing resulting in a grain size reduction from 852 µm observed at 3.45
MPa to 306 µm at 20.7 MPa. Grain size remains constant when fracturing is not considered
in the image analysis. The slight reduction in grain size (from 852 µm to 840 µm can be
explained by uncertainty due to thresholding of the gray scale dataset as explained in the
image processing workflow. For the fragmented case, we observe a reduction is sorting from
0.54Φ to 0.89Φ or from well sorted to moderately sorted in qualitative terms.
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(a) 3.45 MPa, average grain size:
852 µm
(b) 20.7 MPa, fragmented, aver-
age grain size: 306 µm
(c) 20.7 MPa, no breaking, aver-
age grain size: 840 µm
Figure 4.8: Grain size distribution. Increased confining pressure resulted in a reduction of
grain size due to grain crushing.
(a) 3.45 MPa, average coordina-
tion number: 7.3
(b) 20.7 MPa, average coordina-
tion number: 6.6
(c) 20.7 MPa, no breaking, aver-
age coordination number: 9.2
Figure 4.9: Distribution of coordination number. An increase in coordination number was
observed for the no breaking case but not for the fragmented case.
(a) 3.45 MPa, average contact ra-
dius: 67 µm
(b) 20.7 MPa, average contact ra-
dius: 98 µm
(c) 20.7 MPal, no breaking, aver-
age contact radius: 140 µm
Figure 4.10: Distribution of grain radius. An increase was observed for both cases with a
stronger increase for the no-breaking case.
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(a) 3.45 MPa (b) 20.7 MPa
Figure 4.11: 3D views of the contact points at 3.45 MPa and 20.7 MPa showing a drastic
increase in contact area.
The coordination number increases between 3.45 MPa and 20.7 MPa when breaking is
not considered (Figure 4.9(a) and (c)). As grains are compacted by increasing pressure,
grains that were previously not in contact do now touch. When the initial grains break into
smaller fragments (Figure 4.9(b)) we observe a wider distribution of coordination numbers:
few grains show coordination numbers up to 38 while the majority of grains have coordi-
nation numbers of 3 to 5. Large grains that stay intact are now not in contact with few
large grains but with each fragment of the grains that previously contacted them. With
a wider grain size distribution, it is possible to observe larger coordination numbers. The
lower coordination numbers can be explained by fragments of grains that broke but did not
completely disintegrate. These fragments are only in contact with other fragments of the
same grain and few other grains along the surface of the original fragmented grain.
Contact radius increases between 3.45 MPa and 20.7 MPa for both scenarios - breakage or
no breakage (Figure 4.10). The average contact radius doubles for the non-breaking scenario
and increases by 50% when grains are breaking. A wider distribution was observed for the
fragmented case. Each contact area increased but due to fracturing part of the contacts
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were broken into smaller contact areas. For the non-breaking scenario the distribution stays
approximately the same but is shifted towards higher values.
The changes in coordination number and contact radius for the two examined pressures
are visualized in three dimensions in Figure 4.11. Coordination numbers are larger for larger
grains. When comparing the trends for the three considered cases we see differences in the
slopes of the trend between coordination number and grain size (Figure 4.12). While the
coordination number for 20.7 MPa without breakage is higher than for 3.45 MPa, the slope
is similar. When taking fragmentation into consideration we see a much steeper slope which
we attribute to the changes in sorting: as grains break sorting decreases and large grains
are exhibiting more contact points as they are bordered by more small fragments and the
smaller fragments thus show a lower coordination number.
Figure 4.12: Cross plot of coordination number and grain size.
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Figure 4.13: Measured ultrasonic P-wave velocities with increasing confining pressure de-
picted together with literature data from Prasad and Meissner (1992). The three lines
represent different pressure trends.
Figure 4.13 shows the measured ultrasonic P-wave velocities. We observed a change in
the pressure trend: below 6.9 MPa velocities increase with P 1/3c ; the trend shallows beyond
6.9 MPa to P 1/6c . The Hertzian contact model predicts a pressure dependence of P
1/6
c for
velocities. Goddard (1990) utilizes the pressure trend of the wave speed as an indication of
precompaction: for highly precompacted sediments result in smaller pressure exponents, for
very unconsolidated sediments larger pressure exponents are observed. Further, Goddard
(1990) describes how the pressure exponent changes for varying degrees of angularity. This
trend was confirmed by Zimmer et al. (2006) who observed a larger pressure coefficient than
P
1/6
c for all natural sand samples they analyzed. The steep trend in our velocity data at
low pressures indicates the unconsolidated nature and high angularity of the sand. The
shallowing of the trend at higher pressures is caused by consolidation and could also be
indicative of a reduction in angularity as grain asperities break off the bigger grains. This
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needs to be confirmed by more thorough analysis of the grain shape. We compared the
measured ultrasonic P-wave velocities with increasing confining pressure to data of coarse-
grained sand by Prasad and Meissner (1992). Our data is in very good agreement with the
velocities on angular sand, despite the smaller grain size (D50 = 0.36 mm) in Prasad and
Meissner (1992). We presume that the difference to rounded sands from Prasad and Meissner
(1992) is caused by the difference in roundness between the two sediments. Although the
grain size for rounded sand by Prasad and Meissner (1992) (D50 = 0.65 mm) is closer to the
grain size used in this study (D50 = 0.85 mm), we observed lower velocities. The angular
sands in Prasad and Meissner (1992) follow the same P 1/3c trend as our velocities while the
velocities for rounded sands change with P 1/6c in agreement with the theoretical prediction
by the Hertz-Mindlin model. This observation is in agreement with the relationship between
pressure exponent and angularity after Goddard (1990).
Table 4.1: Input values for the Hertz-Mindlin contact model from µCT data for 3.45 MPa,
20.7 MPa and 20.7 MPa, assuming no breaking: porosity (Φ), grain radius (R), coordination
number (n), contact radius (a), contact radius/grain radius ratio (a/R).
Pc [MPa] Φ[v/v] R [µm] n a [µm] a/R
3.45 0.362 426 7.3 67 0.16
20.7 0.273 153 6.6 98 0.64
20.7, no breaking 0.273 420 9.2 140 0.33
Table 4.2: P-wave velocities in comparison: measured ultrasonic velocities (vUS), Hertz-
Mindlin model assuming no slip (vHMn), Hertz-Mindlin model assuming slip (vHMs) for 3.45
MPa, 20.7 MPa and 20.7 MPa without breaking.
Pc [MPa] vUS [m/s] vHMn [m/s] vHMs [m/s]
3.45 875 2547 1990
20.7 1363 4882 3814
20.7, no breaking 1363 4181 3266
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Table 4.1 summarizes the input values for the Hertz-Mindlin model extracted from µCT
image analysis. The modeled velocities based on these parameters are shown in Table 4.2
and Figure 4.14. The mode significantly overpredicts the measured velocities, for intact
grains at 3.45 MPa and for the fragmented grains at 20.7 MPa. Considering all contacts as
slipping reduces the modeling results but still overpredicts the measurements by more than
100%.
The modeling results for fragmented grains at 20.7 MPa generate higher velocities than
the intact case. The reason for this drastic overprediction are a numerous violations of
assumptions of the Hertz-Mindlin model:
• The theoretical Hertzian contact model is based on a pack of identical spheres and
does not take into account the effects of grain size distribution, grain shape, surface
roughness, roundness or sphericity
• The theoretical coordination number of a cubic pack of spheres is 9 and stays constant
with pressure, we observed numbers between 2 and 38.
• The contact radius is assumed to be much smaller than the grain radius a << R. We
observed numerous grains for which the contact radii are in the same dimension as the
grain radius, especially for the 20.7 MPa dataset (a/R in Table 4.1 and Figure 4.15).
• Grain size is assumed to remain constant with pressure. We observed a reduction of
grain size by almost two thirds.
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Figure 4.14: Measured ultrasonic P-wave velocities with results of Hertz-Mindlin models
when using observations from µCT images as model input.
Figure 4.15 shows contact radius / grain radius ratio and coordination number pairs that
fit the measured ultrasonic velocities at 3.45 MPa and 20.7 MPa. Our observations from µCT
image analysis are depicted for comparison. Assuming the observed grain sizes and contact
radii are correct, we would need to reduce coordination number to 1 to 2, which clearly
contradicts our observations. Similarly, when using the observed coordination numbers, the
ratio between contact radius and grain radius would need to be as low as 0.02 to 0.09,
meaning contact radii between 2% and 9% of the grain radius. Our observations show values
between 16% (for 3.45 MPa) and 64% (for 20.7 MPa with breakage). The necessary changes
in grain size, contact radius or coordination number are far outside the respective error
intervals and contradict our observations.
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Figure 4.15: Combinations of coordination number and contact radius/grain radius ratio to
fit measured ultrasonic velocities at 3.45 MPa and 20.7 MPa for both, slip and no slip model.
Observations from µCT images are shown for comparison.
Since we consider our µCT observations of porosity, grain size, contact radius and co-
ordination number valid within their respective error range, the only parameter that could
be changed to obtain a model fit to our measured velocities is the grain shear modulus.
In the model we used the value for quartz (44 GPa). The Hertz-Mindlin model is based
on the assumption that the contact stiffness determines the stiffness of the entire sediment
pack, hence we assigned the shear modulus for quartz to our contact areas. If the observed
contact areas are not solid contact areas but rather porous due to the surface roughness of
the quartz grain, it would be reasonable to use a lower number for shear modulus. Due to
surface irregularities below the µCT’s resolution limit, it is possible that only a fraction of
the contact area is actually in contact. This consideration can be addressed by reducing
the contact radius or reducing the shear modulus by assuming the contact areas to be a
porous mixture of air and quartz instead of solid quartz. Murphy et al. (1984) is address-
ing this microscopic roughness despite macroscopic smoothness and hypothesizes that the
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actual touching surface areas are on the nanometer scale. Saenger et al. (2016) observed
that their digital rock physics model overpredicts the velocities in sandstone and lowered
bulk and shear modulus of the frame to address the issue. They based this approach on
the assumption that moduli of the grains are lowered by fluid inclusions, especially in the
contact areas. We are able to match the measured ultrasonic velocities with a shear modulus
of 8 GPa. This would mean that less than one fifth of the grain areas are actually in contact
with neighboring grains or load bearing. Even with this assumptions we are only able to
match the velocities at 3.45 MPa and at 20.7 MPa without considering breaking. It is not
possible to match the velocity at 20.7 MPa considering breakage and the velocity at 3.45
MPa by assuming a pressure-independent value for the shear modulus. This observation
indicates that it is not possible to apply the Hertz-Mindlin model in the presence of grain
crushing. Since the Hertzian contact model attributes the stiffness of the entire sediment
aggregate solely to the contact points, several small fragments of one large grain in contact
with each other appear stiffer in the model than one intact large grain. We conclude that
the Hertz-Mindlin model is not suitable to model pressure-dependent velocity changes when
grain damage occurs with pressure.
4.5 Conclusion
We provide a unique dataset for future benchmarking of digital rock physics models.
We showed that increasing confining pressure leads to significant grain crushing inde-
pendent of grain size or shape. Due to fracturing of grains into smaller fragments sorting
decreases and the average grain size is reduced by nearly two thirds.
We obtained quanitfiable changes in porosity, grain size, coordination number and contact
radius from µCT data.
Due to numerous violations of Hertzian contact model assumptions, the model drastically
overpredicted the measured velocities. Considering the contacts as porous quartz-gas mixture
and reducing their shear modulus to 8 GPa fits the data when fracturing and grain size
reduction is not taken into account. We find that the Hertz-Mindlin model is not suitable
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to model pressure-dependent velocity changes when grain damage occurs with increasing
pressure as it considers fragments of a grain in contact to be stiffer than a single undamaged
grain. The Hertz-Mindlin model should be applied with caution to angular, unconsolidated
sediments. A possible alternative could be digital rock physics as this approach allows to






5.1.1 Implications for Hydrate-Bearing Sediment
µCT imaging shows that THF hydrate forms in the pores as part of the pore fluid phase.
At high hydrate saturations I observed bridging of the grains, i. e. the hydrate becomes load-
bearing. Since ultrasonic velocity increase occurred only after cooling the sample well below
THF-hydrate stability temperature, I conclude that THF hydrate first forms in the pore
bodies without significantly changes the sediment stiffness. Ultrasonic velocities increase only
after hydrate saturation increases enough for the hydrate to become load bearing. Although
I did not observe a residual water layer separating hydrate and sediment grains, previous
studies indicated the presence of such a layer and no direct contact between hydrate and
grain surfaces. Direct contact between hydrate crystals and sediment grains is not necessary
for the hydrate to be load bearing.
Since THF hydrate is a proxy for one possible texture of naturally occurring hydrate, I
conclude that natural gas hydrate in coarse grained sediments is partially suspended in the
pore fluid and partially load bearing when formed from natural gas dissolved in water. This
conclusion is essential for the assessment of gas hydrate saturation from seismic and sonic
log data.
The combination of µCT imaging and ultrasonic velocity measurements in this study
allows a direct visible observation of the hydrate distribution in the pore space linked to
the effect of hydrate distribution on elastic properties. I provide a verification of pore-scale
hydrate distribution which is indirectly implied from elastic properties in other publications.
Uncertainty in properties of the sediment frame without hydrate needs to be considered
when assessing hydrate saturation from sonic logs, seismic velocities or laboratory measure-
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ments of velocities. My work on unconsolidated sediment without hydrate showed significant
discrepancies between velocities obtained with the Hertz-Mindlin model and measured ultra-
sonic velocities. The Hertz-Mindlin model is used in effective medium models for hydrate-
bearing sediment to calculate the properties of the sediment frame without hydrate. If the
baseline velocity of hydrate-free sediment is incorrect, errors are introduced in the estima-
tion of hydrate saturation. Imaging studies of hydrate-bearing sediments under pressure
could provide insight in the microstructural changes in the sediment occurring in addition
to hydrate formation.
5.1.2 Implications for Dry Sediment
I used a combination of µCT imaging and ultrasonic P-wave velocity measurements
to observe pressure-dependent changes in unconsolidated quartz sand. Three dimensional
imaging studies of the compaction of unconsolidated sediment are rare and to the best of my
knowledge this study is the first one combining velocity measurements and µCT imaging.
I showed that compaction with increasing confining pressure results in extensive grain
damage and fracturing of sand grains at each pressure step. The fractures occurred at
contact points between quartz grains and appear to be independent of grain size or shape.
Due to fracturing of grains into smaller fragments sorting decreases and the average grain
size is reduced by nearly two thirds between atmospheric pressure and 27.6 MPa. I used
the image data to quantify porosity, grain size, coordination number and contact radius and
their variation with pressure.
The image data revealed numerous violations of Hertz-Mindlin model assumptions. Since
the model is based on a cubic pack of identical spheres, the maximum possible coordination
number is 9. Due to varying grain size (another aspect of natural sediment that is not
accounted for by the model) I observed individual grains with up to 38 contacting grains.
The model assumes constant grain size with pressure while my observations showed grain
size reduction with pressure. Contact areas between neighboring grains are assumed to have
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a radius significantly smaller than the grain radius. The image data revealed contact areas
with radii of the same magnitude as the grain radius.
Porosity, grain size, coordination number and contact radius obtained from µCT images
are used as model input for the Hertzian contact model. Due to the numerous violations
of model assumptions discussed above, the model drastically overpredicted the measured
velocities.
Considering the contacts as porous quartz-gas mixture and reducing their shear modulus
to 8 GPa fits the data when fracturing and grain size reduction are not taken into account.
We find that the Hertz-Mindlin model is not suitable to model pressure-dependent velocity
changes when grain damage occurs with increasing pressure as it considers fragments of a
grain in contact with each other to be stiffer than a single undamaged grain. The Hertz-
Mindlin model should be applied with caution to angular, unconsolidated sediments. A
possible alternative could be digital rock physics as this approach allows to take into account
more information from µCT images than extracting parameters from the image data.
I provide a unique dataset for future benchmarking of digital rock physics models and
hope that it will be utilized to improve digital rock physics modelling and inspire more
simultaneous measurements of velocities and µCT imaging studies in the future.
5.2 Recommendations
CT imaging has been applied to geomaterials for less than four decades (Wellington
et al., 1987) and its capacities are steadily improving. Image resolution, size of field of view
and acquisition speed constantly improves and enables new applications. As computational
resources become more readily available and allow for more effective image processing of huge
quantities of µCT images, more efficient numerical modelling, new possibilities to continue
this research will arise. In the list below I introduce a few ideas of applications and extensions
of the results and experiment setup of the research presented in this thesis.
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5.2.1 Recommendations for Hydrate Research
• Test the sensitivity of effective medium models to parameters of Hertzian contact
model. Incorporate pressure-dependent changes of the dry frame into effective medium
models for hydrate-bearing sediments.
• Monitor formation and dissociation of methane hydrate with µCT imaging and simul-
taneous velocity acquisition
• Compare different hydrate formation methods (excess gas, excess water, methane dis-
solved in water) and their pore-scale morphology and development of velocities with
increasing hydrate saturation through µCT imaging and simultaneous velocity mea-
surements.
• µCT imaging combined with ultrasonic velocity measurements can provide insight into
partial saturation of gas hydrate, brine and free gas and the effects on velocities.
• Imaging the injection of CO2 into methane-hydrate bearing sediment with µCT. Imag-
ing of this process at the pore scale has a potential to provide insights into morpho-
logical changes between the two hydrate types and reveal changes to the sediment
due to change in hydrate volume. This has implications for formation stability when
performing a gas exchange on natural methane hydrate (Boswell et al., 2016).
• Use µCT to investigate the changes of the sediment frame when dissociating gas hydrate
in the pore space. This has implications for the safety of hydrate production through
pressure decrease or temperature increase.
5.2.2 Recommendations for Imaging of Sediment under Pressure
• Image analysis (grain size, coordination number, contact radius) of the remaining pres-
sure steps of the presented dataset for a clearer understanding of changes as a function
of pressure.
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• Takashimizu and Iiyoshi (2016) proposed an algorithm to analyze angularity for indi-
vidual particles in µCT images using ImageJ. I plan to apply the algorithm to analyze
changes in grain shape with pressure. This can provide insights to the correlation
between grain shape and the degree of sustained grain damage - for individual grains
and for samples with uniform roundness. Further I plan to analyze the relationship
between angularity and elastic properties.
• Modeling the distribution of strain in the sediment pack from µCT images can reveal
strain localization and show whether areas of high strain coincide with heavy grain
damage.
• Perform additional µCT and velocity experiments on sediment packs with different
sorting, degree of angularity, mineralogy, clay content and pore fluid
• Add S-wave PZT crystals to ultrasonic transducers in setup
• Add strain gauges to µCT setup in order to obtain static elastic properties
• Use other imaging techniques such thin section microscopy and SEM in addition to µCT
for additional information on mineralogy and high-resolution images of subsamples of
the volume imaged in the µCT. This would be limited to before and after images but
could provide information beyond the resolution limitations of the µCT.
• Perform digital rock physics modeling of wave propagation on the dataset and compare
the results with measured ultrasonic velocities.
• Apply µCT pressure setup to other applications, e.g. CO2 injection, partial fluid
saturation, effects of reactive fluids on sediment
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APPENDIX
EFFECTIVE MEDIUM MODELS FOR HYDRATE-BEARING SEDIMENTS
Below critical porosity, the Hertz-Mindlin model is used to calculate bulk and shear
















where Φ = porosity, n = average coordination number, a = average contact radius, R
= average grain radius, Ggr = grain shear modulus, νgr = grain Poisson’s ratio. In this
formulation grain radius R and contact radius a are used as input parameters. In Chapter
2 we went the route of most effective medium models for hydrate bearing sediment and































Since my hydrate-bearing samples were monomineralic, Hill’s average formula was not
used. Dry bulk and shear moduli of the solid phase are calculated using through modified








































Saturated bulk and shear moduli are obtained using Gassmann’s fluid substitution (Gassmann,
1951):
Ksat = K
ΦKdry − (1 + Φ)KfKdry/Kgr +Kf
(1− Φ)Kf + ΦKgr −KfKdry/Kgr
(A.9)
where Kf = fluid bulk modulus. The bulk modulus of brine is used for the fully brine
saturated case before hydrate formation.
Gsat = Gdry (A.10)
Bulk density, P and S-wave velocities are determined with the following equations:















The hydrate in that case is considered part of the pore fluid and a fluid substitution is








where Kbrine = bulk modulus of brine, Kh = bulk modulus of hydrate, Sh = hydrate
saturation. The value for Kf in Equation A.9 is now substituted with the new Kf and




In this case, the hydrate is not considered part of the sediment frame, hence porosity
increases with hydrate saturation:
Φ = Φ(1− Sh) (A.15)
The properties of the new sediment frame partially consisting of hydrate is calculated
































The new grain bulk and shear moduli can now be used as Ggr and Kgr in Equations A.1,
A.2, A.6, A.9 and A.10. Finally, velocities can are calculated from these updated moduli by
Equations A.12 and A.13.
Contact-Cementing Hydrate
In this model hydrate acts as cement at the grain contact points following the cementation
theory by Dvorkin et al. (1994) and Dvorkin and Nur (1996). Porosity is hereby reduced















where Sn and St are normal and tangential stresses of a cemented two-grain combination.
The stresses are calculated from the amount of hydrate at the contacts and the elastic moduli
for the grain material.
Sn = An(Λn)α


















St = At(Λt, νgr)α
2 +Bt(Λt, νgr)α + Ct(Λt, νgr) (A.24)
with
At(Λt, νgr) = −0.01(2.26ν
2
gr + 2.07 ∗ νgr + 2.3)Λ
0.079ν2gr+0.1754νgr−1.342
t (A.25)
Bt(Λt, νgr) = (0.0573ν
2
gr + 0.093νgr + 0.202)Λ
0.0274ν2gr+0.0529νgr−0.8765
t
Ct(Λt, νgr) = 10

















The saturated rock properties are calculated with Equations A.9 and A.10.
Envelope-Cementing Hydrate
The envelope-cementing model for hydrate-bearing sediments was introduced by Helgerud
et al. (1999). All steps for the contact-cementing model are followed; α is replaced by:
α =
√
2(Φc − Φ)
3(1− Φ)
(A.28)
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